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Abstract
Coffee is an extremely important agricultural crop with more than 6.5 million tonnes of green beans produced every year on about 11 million hectares. In terms of economic importance on the international market, it is second only to oil and contributes more than 9000M U.S.$ (Leroy et al., 2000).
Coffee is a perennial crop belonging to Rubiacea and among more than 80 species of coffee, the most economically important are Coffea arabica (2n=44) and C. canephora (2n=22) (Ocampo and Manzanera, 1991). These two species account for 75% and 25% of the market, respectively (Berthouly and Etienne, 1999). C. canephora is becoming popular particularly in the lower elevation areas where C. arabica doesn’t thrive well. It is hardier, more resistant to leaf diseases and stem borer and better adapted to varying climates and soils. It is a prolific bearer, produced large number of light red berries, begins to yield earlier and average yield is more than C. arabica. (The Wealth of India, 1950).
India is one of the major coffee growing countries with around 3 lakh hectares of land under coffee cultivation, producing 2.3 lakh tonnes of green coffee (Sreenath, 2000). India is a producer of both arabica (104,400 tonnes) and robusta (196,800 tonnes) variety of coffee in proportion of 35:65. India produces the best robustas in the world in terms of quality (Reddy et al., 2001).
There is an urgent need to increase the productivity in coffee bean through the development of disease and pest resistant varieties. Moreover, there is need to improve the quality of coffee. Caffeine is an important constituent of coffee and the one responsible for the stimulating effect of the coffee drink. It is present in the bean chiefly as potassium caffeine chlorogenate (The Wealth of India, 1950). The most notable behavioral effects of caffeine occur after low to moderate doses (50-300mg) and are increased alertness, energy and ability to concentrate. Higher doses of caffeine induce negative effects such as anxiety, restlessness, insomnia and tachychardia. Currently, use of decaffeination processes results in degradation of quality in terms of aroma and taste. In this context demand for decaffeinated coffee is increasing and internationally there is market for such product with high coffee aroma.
Conventional breeding has limitations for coffee improvement because of the genetic barriers of chromosome number (diploid vs. tetraploid), auto- incompatible alleles (diploid species) and long breeding cycles (Sreenath, 2000). Furthermore, coffee has lengthy period of fruit development and 2-4 years bean to bean generation time, which make such traditional approaches costly and time consuming.
The caffeine content of the beans varies in different species, eg: C. arabica contains 1.0-1.2% and C. canephora has 1.5-2.5%. There is a possibility of developing transgenic coffee with reduced caffeine content or caffeine-free by metabolically engineering the pathway of caffeine production. This needs development of transformation protocol for coffee using suitable vector. Hence the proposal focuses on developing rapid propagation system to propagate elite coffee variety and getting transformants using Agrobacterium strains. In addition to these major objectives, we conducted studies on the caffeine analysis in different parts of the coffee plant, seedlings, hybrids with major concentration on seeds and in vitro cultures. Summary of the results and conclusion made are as follows:
	It was found that embryogenic callus could be derived from the hypocotyl region of germinating coffee seeds. High frequency somatic embryogenic callus was obtained from hypocotyl explants by two different methods of culture in three different selections of Coffea canephora P. ex Fr. i.e., CxR, Old Robusta and S-274. 
	In method I, embryos were formed from hypocotyls by following a two-step method i.e., callus induction and embryo induction by incubating the explants in callus development and embryo induction media containing different growth regulators, later embryos were regenerated. 
	The hypocotyl explants inoculated in callus development medium containing half strength MS (Murashige and Skoog, 1962) salts, B5 vitamins, casein hydrolysate 100 mg l-1, malt extract 400 mg l-1 with 2.26 M 2,4-D, 4.9 M IBA and 9.8 M 2-iP as growth regulators (Table 2.5; Fig. 2.1). 
	After 55 days the explants with primary calli were transferred to MS medium having 4.5 M 2,4-D and 17.6 M BAP and other supplements (embryo induction medium) for embryo induction (Table 2.5; Fig. 2.2). 
	The yellow friable callus formed in 60-57 days was transferred to regeneration medium containing five different growth regulator levels viz., (a) 4.4 µM BAP, (b) 8.8 µM BAP, (c) 13.2 µM BAP, (d) 2.2 µM BAP and 2.4 µM 2-iP, (e) 6.6 µM BAP and 7.2 µM 2-iP and subcultured once in 45 days (Table 2.6; Fig. 2.3). 
	CxR variety started producing embryos in all the media in five months with culture frequency of 55.5%, 30%, 22.2%, 18.18% and 11.1% respectively while Old robusta showed response in 8.8 µM BAP (11.1%), 2.2 µM BAP and 2.4 µM 2-iP (12.5); and 6.6 µM BAP and 7.2 µM 2-iP (88.8%). 13.2 µM BAP (22.2%) medium was the only one, which could produce proembryogenic callus mass in 274 cultures but that did not turn to embryos. 
	Media were selected for further culture from these results with frequency of response of 30% and above. So, 4.4 µM BAP and 8.8 µM BAP media were selected for CxR (Table 2.7; 2.8) while 6.6 µM BAP and 7.2 µM 2-iP; and 13.2 µM BAP media were used for Old robusta and 274 respectively (Table 2.7; 2.8). Later on, 8.8 µM BAP medium was found very effective for CxR variety (Fig. 2.4), which produced 81.1±49.7 embryos per 100 mg tissue in seven and a half months while 6.6 µM BAP and 7.2 µM 2-iP medium has been used for Old Robusta (84±37.6 embryos per 100 mg tissue) for further production of embryos (Table 2.7; 2.8).  
	In single step procedure (method II) modified callus development medium was used which consisted of MS salts, B5 vitamins, casein hydrolysate 100 mg l-1, malt extract 400 mg l-1 and 2-iP (5 M). 
	Embryogenic callus developed in about 4 months and embryos started appearing by another one month (Table 2.9; Fig. 2.5; 2.6; 2.10). Somatic embryos could be obtained faster by 5 months with frequencies of 16% (CxR), 21.42% (Old Robusta) and 17.14% (S-274), in single step procedure. Upon subculturing in the same medium torpedo shaped embryos were formed (Fig. 2.12; Fig. 2.13), which germinated in embryo germination (EG) medium containing 1.1 µM BAP and 2.5 µM IAA as growth regulators, with 67-81% frequency (Table 2.12; Fig. 2.14). 
	Primary somatic embryos gave rise to secondary embryos in embryo germination medium upon prolonged incubation and also produced callus (Table 2.13; Fig. 2.15; 2.16; 2.17). These calli upon transfer to the same medium subsequently regenerated to produce embryos at high frequency (9040 embryos per 100 mg of callus in CxR variety). Secondary embryogenesis is important for using them for genetic transformation via Agrobacterium.
	The developed embryos were grown in half strength MS medium and when the plantlets (50-77%) reached 3-4 pairs of leaves, they were hardened (Fig. 2.19; 2.21).
	Moreover, 30% of hypocotyl explants of all the varieties responded to formation of shoots (Table 2.9; Fig. 2.5; 2.6; 2.7), which gives additional advantage of using hypocotyl explants for organogenesis. 
	In both methods, almost same time has been taken for embryogenic callus induction (4 months; Table 2.6; 2.9). But in method I, when the embryogenic callus was transferred to regeneration media, it took minimum five-six months for the somatic embryos to be formed (Table 2.7). However, as in method II, when the embryogenic callus was incubated in the medium further, embryos could be induced in another one month (Table 2.9). Further incubation produced more number of embryos. Secondary somatic embryos also could be induced from the primary ones. Thus, modified callus development medium (method II, single-step procedure) gave faster embryogenesis response.
	A highly reproducible method for regeneration of C. canephora plants via direct somatic embryogenesis method from in vitro leaf and stem segments of regenerated plants was developed. Embryogenesis was influenced by the presence of triacontanol (TRIA) in the medium (Table 2.16; 2.17; 2.18 and 2.19). TRIA incorporated at 4.55 and 11.38 M in half strength MS basal medium containing 1.1 M 6-benzylaminopurine (BA) and 2.5 M indole-3-acetic acid (IAA) induced direct somatic embryogenesis. A maximum of 58.59 ±10.3 (Fig. 2.22) somatic embryos per culture were induced from in vitro leaf explants of C. canephora (S-274). TRIA also induced embryo formation from in vitro stem segment callus tissues along with multiplication of primary embryos into secondary embryos.
	The rapid direct and repetitive somatic embryogenesis response of C. canephora genotypes was tested on Murashige and Skoog medium (MS) containing thidiazuron (2.27–11.35 µM). Segments taken from cotyledons, leaf, first leaf and stalk of regenerated plantlets, produced clusters of somatic embryos directly from cut portions of explants on TDZ (9.08 µM) containing medium within a period of two months (Table 2.20; 2.21; 2.22; 2.23; Fig. 2.23; 2.24). These direct somatic embryogenesis from leaf and hypocotyl explants in Coffea sp. is a strong evidence of their cell totipotency. The rapid somatic embryo induction protocol would be useful for the mass propagation, direct regeneration and genetic transformation of selected elite lines.
	Zygotic embryos were inoculated in three media, viz., MS basal medium, MS salts supplemented with Morel and Wetmore vitamins (Morel and Wetmore, 1951) and Heller’s medium (Heller, 1953) with other supplements. In all the media, response was good with 80-90% survival. 2-2.5 cm long plantlets could be obtained in 60-75 days with proper rooting and shoot growth.  
	Roots were removed and shoots were propagated in MS medium containing BAP (4.4 µM) as the growth regulator (Fig. 2.25). 
	Callus proliferation was observed from the shoot ends when shoots were cultured in MS medium containing 2-iP (4.9 µM), which produced embryos on further incubation in the same medium (Fig. 2.26). The embryos were developed into fully-grown plantlets. 
	Contamination is the major problem while using explants from the natural environmental conditions and zygotic embryo derived plantlets are excellent source of aseptic plant material for the embryogenesis in coffee.
	Studies on establishment of nodal cultures were done using field grown explants but successful in vitro cultures could not be obtained due to severe contamination problem (Table 2.24)
	Silver nitrate enhanced growth of the coffee shoots.  The greatest shoot length and more number of leaves were observed in 10 μM silver nitrate, but 5 and 10 μM induced more leaf area (Table 2.25; Fig. 2.27).
	Agrobacterium mediated transformation of coffee was carried out. Two different varieties of C. canephora viz., CxR and Old Robusta were used for the experiments. Embryos were obtained from hypocotyl explants.	A. rhizogenes (having pSK53 construct; Fig.3.1; 3.2) and A. tumefaciens strain (having pSK53 construct; Fig.3.1; 3.2) were used for infection.  
	Optimum levels of selection pressure required for the selection of transformed tissues were standardized: hygromycin (10 mg l-1), kanamycin (200 mg l-1) and basta (glufosinate; 5 mg l-1) (Table 3.1; 3.2; 3.3). It was seen that kanamycin had to be used at very high levels to obtain killing and very often regeneration of plants and multiplication of untransformed somatic embryos occurred even at high levels of kanamycin. Basta was very effective but turned the media brown and the detergent used to keep the herbicide in solution interfered with regeneration. Therefore hygromycin was used as the selection marker in the study.
	Binary vectors were mobilized to A. tumefaciens and A. rhizogenes (Fig. 3.4)  
	The embryos were wounded and incubated with the bacteria (Fig. 3.5). After co-cultivation for 3 days they were transferred to modified callus development medium containing half strength MS medium with growth regulators, 2-iP (9.8 µM), IAA (5.7 µM) and NAA (5.3 µM) and other growth supplements like casein hydrolysate and malt extract. Cefotaxim, augmentin (each 500 mg l-1) and hygromycin (3 mg l-1) were also added to the medium to kill the bacteria and for the selection of transformed cells. Slight callus formation was observed in some surviving explants as visible under microscope after one month in hygromycin (3 mg l-1). Around 91-95 % of the transformed explants retained their freshness in the medium (Table 3.5). 
	After one month, the embryos were transferred to half strength MS medium containing the growth regulators 2,4-D (9 µM) and BAP (35.5 µM), hygromycin (10 mg l-1) and antibiotics. The embryos were kept in this medium for forty days. After one-month, callus proliferation could be seen on the embryos. Old Robusta (49.29%) showed vigorous growth in transformed embryos compared to CxR (12.03%) (Fig. 3.6; 3.7; 3.9). The calli were yellow in colour and granular in appearance. A. tumefaciens infected embryos (12.03% in CxR) showed higher frequency of callus formation than A. rhizogenes (4.50%) (Table 3.5). The calli, which were surviving in hygromycin (10 mg l-1), were used for GUS analysis and PCR (Fig. 3.10; 3.11). GUS expression was found in the CxR callus transformed with A. tumefaciens. PCR amplification of gus gene was observed in the CxR and Old Robusta calli transformed with A. rhizogenes and A. tumefaciens respectively.
	After this the surviving calli were transferred to the same medium containing 2,4-D (4.4 µM) and BAP (35.5 µM) with higher selection pressure (hygromycin, 20 mg l-1) and antibiotics. Old Robusta calli survived well in higher selection pressure (34.04%) (Table 3.5; Fig. 3.7). 
	An attempt was made to find effective method to improve the germination of coffee seeds. The objective of the present research was to improve the speed and percent germination in fresh and stored seeds by scarification treatment with different concentrations (0.23, 0.46, 93, 1.40, 1.87 and 2.81 M) of H2SO4 (Table 4.1; 4.2; Fig. 4.6) and to see the effect of GA3 on germination of seeds and growth of seedlings (Table 4.3). 
	Speed of germination was influenced significantly by treatment with H2SO4 both in fresh (Table 4.1) and stored (Table 4.2) seeds, but not with GA3. The highest total germination of 100% in 4 weeks was achieved when stored seeds were exposed to 2.81 M H2SO4 for 1.5 minutes (Table 4.2). In fresh seeds first pre-treated with 9 M sulphuric acid and further treated with GA3 100% germination was observed (Table 4.3). Maximum seedling length and growth was recorded in seeds treated with 0.07 mM GA3 (3.20.23). This protocol will be useful in initiation of tissue culture of coffee with high rate of in vitro seedling formation and growth.
	No basic structural difference was observed in scanning electron microscopy of the acid treated samples except a slight expansion of epidermal cells in the acid treated ones (Fig. 4.8; 4.9).
	Caffeine analysis was conducted in the following tissues:
	Mature plant parts and seeds (C. canephora, S-274): The levels of caffeine in first leaf, second leaf and third leaf from apex were estimated (Table 4.4). The first leaves, which were the most tender ones was having the highest amount (1.81±0.21%) followed by second  (0.670.11%) and third (0.630.05%) pair. In the seed, embryo was having higher caffeine with 3.58±1.408% and endosperm contains 1.48±0.13%.
	Different varieties of Coffea: Endosperm tissues were analysed for caffeine from ripened/unripened fruits obtained from different varieties of Coffea (Table 4.5). C. salvatrix and C. bengalensis were having the least amount (0.06%) while the highest was in Old Robusta (3.48%). The other varieties tested were C. canephora x C. travancorensis (3.55%). C. canephora x C. wightiana (2.94%), Hybrido de Timore (1.36%). C. eugenioides (0.68%), C. racemosa x C. canephora (0.71-1.24%), CxR (3.33%), Liberica x Eugenioides(1.39%), Kaggenhalla Robusta (2.27%) and Paradenia robusta (1.60%).
	Interspecific hybrids and their progenies: This study was conducted to assess the reduction of caffeine in the endosperm after breeding (Table 4.6). Seed samples of the allotetraploid derived from C. liberica (2.01%) X C. eugenioides(0.69%) (Ligenioides-1.3%), Hybrido de Timore (HDT-1.3%), their F1 (S.4595-1.5%), four F2 families (S.4696-1.61%, S.4697-1.56%, S.4698-1.50%, S.4699-1.56%) and two back cross (BC) families S.4700 (1.65% - BC to HDT) and S.4702 (1.53% - BC to Ligenioides) were analyzed.
	Ligenioides (1.30%) showed a caffeine level of middle range between the parents. Ligenioides and HDT possess about 1.3% caffeine in their seeds. However their F1, F2 and BC families manifested slightly higher caffeine ranging from 1.50%-1.65%. Even this caffeine content value is not much higher than that of C. arabica (0.6%-1.5%). Thus it appears that caffeine content in tetraploids is stable in this range and may not vary significantly until a choice of arabica carrying very low caffeine (<1.0%) is used as one of the parents in crossing followed by appropriate selection to reduce this value in progenies.  
	Different developmental stages of germination (CxR): Seeds of CxR were germinated in vitro and caffeine and other three metabolites viz., 7-methylxanthine, theobromine and theophylline, in the pathway were analyzed at different stages of growth in different parts of the seedling namely cotyledonary leaf, hypocotyl and root (Table 4.7). Tissues from different parts were taken when the seedlings were in unopened cotyledonary stage and fully opened stage. Leaf tissues (5.29±0.18%) expressed more caffeine than hypocotyls (4.08±0.77%) and leaves at unopened and fully opened stage showed almost same level viz., 5.29±0.18% and 5.38±1.06% respectively. Roots were also having some amount of caffeine (0.1±0.04%). 7-methyl xanthine, theobromine and theophylline were also found to be present in leaves and hypocotyls (unopened stage), which showed that caffeine was being produced and degraded in these tissues. The zygotic embryo from which germination had started   is having 2.62±0.11% caffeine.
	Callus: Three different kinds of calli namely, white spongy, yellow friable and green hard were obtained when hypocotyl explants of 274 were cultured in modified callus development medium with two different cytokines viz., BA and 2-iP for about three and a half months (Table 4.9). Green tissue, which was hard, had the highest amount of caffeine (4.20±0.65%) followed by yellow (0.76±0.08%) and white (0.56±0.13%), which shows that the caffeine level depends on the texture and organization of the tissue. White and yellow callus produced slightly higher caffeine in 2-iP medium and green callus showed reverse trend.
	Different stages of embryogenesis (CxR): The tissue was taken from different stages viz., callus, globular embryo, torpedo embryo and plantlet (Table 4.10; 4.11). The plantlets were having the highest amount of caffeine (0.7±0.07) followed by globular embryos (0.54±0.03), torpedo embryos (0.35±0.01) and callus (0.21±0.03). Theobromine was present in all (0.001-0.008%; Table 4.11) while in callus there was some amount of 7-methyl xanthine (0.003%). Caffeine was found to be accumulated when the callus tissue differentiated to somatic embyos.
	In Old robusta same trend of caffeine level was observed with plantlets having the highest amount (0.96±0.24%) followed by globular embryos (0.42±0.02%), torpedo embryos (0.34±0.08%) and callus (0.24±0.04%).
	Histochemical method was used to visualize cholrogenic acid in developing seedlings (Fig. 4.15; 4.16; 4.17). Coffee seedlings of the variety CxR were germinated both in dark and light conditions (Fig. 4.14). The reagent produces a red color on reaction with cholrogenic acid. A correlation between caffeine and chlorogenic acid content was observed in coffee seedlings germinated in dark and light conditions. Light induced both chlorogenic acid and caffeine content slightly in cotyledons and hypocotyls. Leaves from Light-grown seedlings contained 6.190.23% caffeine and leaves from dark-grown seedlings showed 5.840.17%. Light-grown hypocotyls had 2.850.25% and dark-grown hypocotyls tissue produced 1.920.23% caffeine.

5.2. CONCLUSION:

	Somatic embryogenesis has been carried out successfully – regenerated plantlets were transferred to green house

	Enhancement in the efficiency of embryogenesis was obtained by using triacontanol and thidiazuron

	Agrobacterium mediated transformation has been obtained in coffee embryos – transformation has been confirmed by GUS assay and PCR

	Protocol for high efficient germination of coffee seeds has been developed

	Caffeine level in leaves depends on the age – tender tissues show higher caffeine level

	Caffeine content in the endosperm is variable among species viz., 0.06–3.56%

	In the coffee seedlings, cotyledonary leaves contain the highest level of caffeine

	Caffeine level depends on the organization of tissue in in vitro cultures and caffeine accumulates during embryogenesis

	Caffeine and chlorogenic acid were found to be induced slightly by light 








The results are useful for studies related to coffee crop improvement through genetic transformation using somatic embryos and for mass multiplication. The study also gives an insight to the distribution of caffeine in different in vivo and in vitro tissues and its relation to chlorogenic acid, which is highly helpful for the transformation studies of coffee for regulation of caffeine biosynthesis.   





























